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We describe an artifact removal setup swept-source optical coherence tomography (OCT) system that en-
ables high-speed full-range imaging. We implement a piezoelectric fiber stretcher to generate a periodic
phase shift between successive A-scans, thus introducing a transverse modulation. The depth ambiguity is
then resolved by performing a Fourier filtering in the transverse direction before processing the data in the
axial direction. The dc artifact is also removed. The key factor is that the piezoelectric fiber stretcher can be
used to generate discrete phase shifts with a high repetition rate. The proposed experimental setup is a
much improved version of the previously reported B-M mode scanning for spectral-domain OCT in that it
does not generate additional artifacts. It is a simple and low-cost solution for artifact removal that can easily
be applied. © 2008 Optical Society of America
OCIS codes: 110.4500, 170.4500, 100.5070.
In Fourier-domain optical coherence tomography
(FD-OCT), the signal is collected as a function of the
wavelength and the spatial information is recovered
by Fourier transform. The main drawback of such a
technique is that, since a real signal is acquired, the
Fourier transform is symmetric around the origin.
Therefore, one cannot distinguish the positive depth
from the negative depth. Additionally, autocorrela-
tion terms in the recorded signal lead to a spurious
component at zero frequency (dc artifact). In spectral-
domain OCT (SD-OCT) [1], a broadband source is
used to illuminate the sample and the wavelengths
are separated upon detection. A common solution to
remove artifacts is to introduce phase shifts between
measurements [2–4]. In swept-source OCT (SS-OCT)
[5], the wavelengths are separated upon generation
with a wavelength sweeping source. Efficient setups
have been proposed to remove artifacts by shifting
the frequency using electro-optic [6] or acousto-optic
modulators [7,8]. Although efficient, these ap-
proaches increase significantly the cost of the OCT
system.
In SD-OCT, a solution that uses the B-M scanning
method with a mirror mounted on a piezoelectric
transducer has been proposed by Yasuno et al. [9]. In
this approach, a phase shift (M-scan) is introduced
between successive A-scans to generate a B-scan with
transverse modulation that is used to remove both
the depth degeneracy and the dc artifact. The main
advantage of this approach is that it has a higher sta-
bility with respect to phase and amplitude fluctua-
tions than for phase-shifting techniques that use suc-
cessive spectra during continuous scanning for
complex signal reconstruction. A very similar ap-
proach has also been proposed by Wang [10,11] in
SD-OCT. In [9], the experimental setup does not al-
low discrete increments in phase shift at a high
speed. Consequently, a triangular ramp is used that
generates other artifacts that require further data
processing to be removed. In [10,11], a sawtooth
waveform is applied, and this technique does not re-
move the autocorrelation and cross-correlation arti-
facts. We present an alternative method applied to
SS-OCT and using a piezoelectric fiber stretcher
(PFS). The use of a fiber stretcher improves over pre-
vious papers by allowing the fast generation of dis-
crete steps in the phase shift generated between
A-scans. This avoids the introduction of additional
artifacts and leads to a more efficient technique. We
recently reported preliminary results for this ap-
proach [12], and we provide here a detailed descrip-
tion of the technique.
The signal processing approach has some similar-
ity with phase-shifting interferometry [2]. We illus-
trate it by considering the trivial case of a single re-
flector. For a B-scan, a simplified version of the
interferometric signal is ix ,=k0+coskxx+k,
where k0 is a constant that includes the autocorrela-
tion terms, kx is linked with the phase shift intro-
duced by the PFS, x is the transverse position, k is
linked with the wavelength sweeping of the source,
and  is the optical frequency. We first compute the
Fourier transform of ix , along the x transverse di-
rection:
Iu, = k0u +
1
2
u − kxe
−ik +
1
2
u + kxe
ik, 1
where u is the spatial frequency (Fourier conjugate of
x), k0u is the dc component, the second term on the
right hand side is the OCT data, and the last term is
the complex conjugate of the second one. A high-pass
filtering with a rectangular window is then per-
formed to keep only the data corresponding to the
OCT signal to yield: Iˆu ,=1/2u−kxe
−ik. Then,
the inverse transverse Fourier transform is
evaluated:
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iˆx, = Fx
−1Iˆu, =
1
2
e−ikxxe−ik. 2
Finally, as usually performed in FD-OCT, the axial
inverse Fourier transform is evaluated:
Iˆx,z = Fz
−1iˆx, =
1
2
e−ikxxz − k, 3
where z is the Fourier conjugate of  and is propor-
tional to the depth position. It must be noted
that we display the OCT image by computing
20 logIˆx ,z.
Figure 1 shows an experimental implementation of
the proposed SS-OCT setup. It is a Mach–Zehnder
fiber-based interferometer. The source is a Thorlabs
swept source with a 1325 nm center wavelength and
an 85 nm FWHM. The theoretical axial resolution is
z=9.1 m in air. The A-scan rate is 16 kHz when us-
ing both the backward and the forward wavelength
scans. The setup is fitted with a PFS from Optiphase
(PZ1-STD-FC/APC). This device consists of 10 m of fi-
ber wound around a cylindrical piezoelectric trans-
ducer. Figure 2 gives the shape of the low voltage ap-
plied to the PFS. The PFS drive signal is adjusted to
achieved a  /2 phase shift between two successive
forward wavelength scan interferograms. For the
current work, the system operates at a reduced rate
of 8 kHz since we use only the forward wavelength
scans.
One of the key adjustments is to choose a trans-
verse step small enough to ensure efficient artifact
removal. Introducing a periodic phase shift between
A-scans can be seen as introducing a carrier spatial
frequency in the transverse direction. By taking the
Fourier transform in the transverse direction, one ob-
tains three components in the spectrum: a positive
part centered around the carrier frequency, a zero
component, and a negative part centered around the
negative of the carrier frequency. The width of the
positive and negative parts is related to the spatial
frequency content of the image in the transverse di-
rection. The amplitude of the transverse Fourier
spectrum from an OCT image of an onion is shown in
Fig. 3 for two step sizes: 1.2 and 2.5 m. Let x be the
transverse step and ux=1/ 2x the Nyquist spa-
tial frequency. The OCT data are associated in Fig. 3
to the positive part of the spectrum 0:ux, while
the conjugate OCT data are linked to the negative
part −ux :0. For the larger transverse step, corre-
sponding to a low carrier frequency, the negative part
of the spectrum leaks into the positive part (Fig. 3,
top left). This leads to the mixing of the OCT data
and their conjugate and to an insufficient artifact re-
moval (Fig. 3, bottom left). By selecting a small trans-
verse step, thus a large carrier frequency, the positive
and negative parts of the spectrum are well sepa-
rated (Fig. 3, top right) and the artifact removal is
very efficient (Fig. 3, bottom right). Decreasing the
transverse step size adversely increases the mea-
surement time, so a trade-off must be selected. A con-
venient criterion is a step size that corresponds to a
Nyquist frequency that is two times larger than the
full width of the transverse spectrum of the OCT im-
age (u defined at 1/e): 1 / 2x2u. The width
u is related to the speckle size s (full width at 1/e)
by u=4/ s. The speckle size is given by s= 0.68
4f / 2d, taking into account the illuminating
Fig. 1. (Color online) SS-OCT setup. Cp1 and Cp2, cou-
plers; PFS, piezoeletric fiber stretcher; PC, polarization
controller; Cir1 and Cir2, circulators; BD, balanced
detection.
Fig. 2. (Color online) Variation of the voltage applied to
the PFS.
Fig. 3. Top view of the normalized transverse Fourier
transform for different transverse steps [2.5 m (top left)
and 1.2 m (top right)] and the corresponding OCT images
(bottom) of an onion with artifact removal processing. The
onion was put under the zero path delay to better appreci-
ate the efficiency of the artifact removal.
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and detecting optics along with contribution from a
high density of scatterers [13]. The parameter d is
the diameter of the incoming light beam, and f is the
focal length of the illuminating and collecting optics.
Therefore, this leads to the condition for the trans-
verse step size:
x 	
0.68
42
f
d
. 4
In the example of Fig. 3, we have =1.325 m, f
=14.5 mm, and d=2 mm, which gives a speckle size
of 6 m and thus to the condition: x	1.2 m. The
results of Fig. 3 illustrate the validity of the criterion.
The rightmost image meets the upper limit of the cri-
terion, whereas the leftmost image was obtained with
a twice larger transverse step size.
To validate our approach, we first evaluate the at-
tenuation of the mirror artifact: a mirror was used as
a sample and the ratio of the surface signal to its
complex conjugate was measured to be greater than
32 dB in the range −0.5: +0.5 mm. Then, a cross
section of a finger tip of a healthy human volunteer
was acquired. Figure 4 shows the images without
(left) and with (right) artifact removal processing.
The imaged area is 3 mm wide and 3 mm deep with
the zero path delay set in the middle of the depth
scale. As seen on the image on the right, the dc arti-
fact is completely removed and the mirror image is
greatly reduced with our postprocessing technique.
The apparent structure below the skin of the finger
that can hardly be seen on the left image is clearly
resolved in the right one, providing a good apprecia-
tion of the efficiency of the proposed method. The op-
tics used to acquire this image is different from that
of Fig. 3. The transverse step size is half the value
determined by the condition in Eq. (4).
To our knowledge, this is the first report of a trans-
verse scanning method applied to SS-OCT and using
a PFS. The implementation of a PFS solves the addi-
tional artifact problem encountered in [9]. Our post-
processing enables the removal of autocorrelation
noise, which is not the case in [10,11]. The main ad-
vantages of using such a technique are as follows.
First, it is very easy to implement experimentally be-
cause the PFS is a fiber-based device with conven-
tional connectors (type FC/APC) and thus easy to
connect with other photonic devices. Second, it is
very efficient in terms of transmission power since
the only small losses are due to the fiber connections.
Third, it is low cost compared with the techniques us-
ing electro-optic or acousto-optic modulators. Finally,
it must be noted that the PFS does not affect the
measurement nor request any changes in the setup
when not in use. This technique can also be applied
to SD-OCT setups.
It came to our attention that three articles [14–16]
that used a similar approach to ours to achieve full-
range complex FD-OCT imaging have been published
during the reviewing process of this letter. However,
these papers use the galvanometer scanning system
to perform the transverse modulation and are ap-
plied to SD-OCT systems. Our proposed approach is
of more general application since it does not depend
on the transverse scanning technique.
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bution. We acknowledge the financial support of the
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Fig. 4. Image of a finger tip (a) without processing and (b)
with processing. Images are 3 mm wide and 3 mm deep
with a transverse step of 1 m.
734 OPTICS LETTERS / Vol. 33, No. 7 / April 1, 2008
